Abstract: This study was focused on the synthesis and characterization of Si/Zr-based hybrid sol-gel coatings with and without the addition of cerium(III) ions. The coatings were deposited on aluminum aiming to act as an effective and ecologically harmless alternative to toxic chromate coatings. The chemical composition, structure, thermal properties and porosity of the non-doped and Ce-doped coatings containing various Zr contents were examined by Raman spectroscopy and photothermal beam deflection spectroscopy. The corrosion properties of the coated aluminum substrates were studied using AC and DC electrochemical methods in 0.1 M NaCl electrolyte solution. Barrier and protecting properties of the coatings were monitored upon long-term immersion in chloride solution using electrochemical impedance spectroscopy. The effect of cerium ions was two-fold: on the formation of a more condensed Si−O−Zr network structure and on the formation of Ce-based deposits, which diminish the rate of cathodic reaction at the coating/metal interface. These effects acted synergistically and resulted in the creation of the coatings with effective barrier and active corrosion protection.
Introduction
Aluminum (Al >99.0%) is commonly used for numerous commercial applications due to its physical and chemical characteristics. However, in chloride solution, its corrosion resistance is limited because the passivity produced by the native protective aluminum oxide is susceptible to corrosion in aggressive environments [1] . In the past, hexavalent chromium-based compounds and chromate conversion coatings have been often used to inhibit corrosion processes [2, 3] , but stricter regulations have mandated that the usage of environmentally hazardous compounds must be reduced. Since September 2017, the use of chromates is banned or restricted in different industrial sectors [4] . The case is similar also for volatile organic compounds [5] . Therefore, the need exists for the development of non-toxic, environmentally-friendly surface treatments capable of providing sufficient corrosion protection. Today many studies are devoted to the development of pre-treatments metal|coating|aggressive environment. The concentration of Zr ions in the Si-Zr network structure plays the key role in the optimization of the system. Diffusivity of Ce 3+ ions across the coating to the corrosion active sites on the metal substrate occurred without degradation of the coating's structural integrity. In addition, self-healing properties of the Ce-doped coatings were observed.
Materials and Methods

Materials and Chemicals
Aluminum (>99.0%), as a 1 mm-thick flat sheet, distributed by GoodFellow, England, was used as the substrate.
The chemicals used for sol-gel preparation were tetraethyl orthosilicate (TEOS: Si(OC 2 H 5 ) 4 , 99.9%, Aldrich, Munich, Germany), 3- 4 , 70 wt. %, in 1-propanol, Aldrich, St. Louis, MO, USA), methacrylic acid (MAA: H 2 C=C(CH 3 )COOH, 99.0%, Aldrich, Zwijndrecht, The Netherlands) and hydrochloric acid (HCl, >37%, AppliChem, Darmstadt, Germany). The sols were doped with 0.5 wt% of cerium(III) nitrate hexahydrate (Ce(NO 3 ) 3 ·6H 2 O, 99.9%, Sigma, Lyon, France).
Synthesis of the Sols
Three different types of organic-inorganic hybrid systems were synthesized by mixing two separately prepared sols. The first silicon-based sol was prepared by mixing TEOS and MAPTMS, and the second sol, containing zirconium, was obtained by the addition of MAA to the ZTP. TEOS and MAPTMS were hydrolyzed under acidic conditions, combined with ZTP and MAA in order to provide the hybrid sol-gel solution, then stirred for one hour and aged for 2 days. The final sol is denoted as TMZ. The molar ratio of alkoxide precursors TEOS/MAPTMS/ZTP/MAA was 0.18:1:X:0.12, where X was 0.06, 0.12 and 0.48. The molar amounts of H 2 O (2.075 mol) and catalyst HCl (0.001 mol) were kept constant. These sols/coatings are hereinafter referred to as TMZ-1, TMZ-2 and TMZ-3, respectively. TMZ-1 had the smallest and TMZ-3 the largest amount of ZTP. The preparation of TMZ sols was described in detail previously [17] .
In the present work, the TMZ sols were further modified: 0.5 wt. % of Ce(NO 3 ) 3 was added into sol, and the solution was vigorously stirred for 10 min. The clear sol was then aged for 1 h. Cerium-containing sols are denoted as TMZ-1-Ce, TMZ-2-Ce and TMZ-3-Ce, respectively.
Sample Preparation
The aluminum substrates were 1 mm-thick flat discs with a diameter of 15 mm. Before deposition, the substrate was ground under water with 2400-and 4000-grit SiC emery papers, rinsed with distilled water and cleaned in ethanol using an ultrasonic cleaner for 10 min. The aluminum alloy 7075-T6 (AA7075-T6) was also used as a substrate, because the bands in the Raman spectra were more clearly defined for coating deposited on this alloy due to a brighter surface.
The sol-gel coatings were applied on the aluminum surface using a spin-coater (WS-650-23NPP /LITE/IND, Laurell Technologies, Northwales, PA, USA). An excess amount of the sol was deposited on the substrate employing syringes equipped with filters (0.2 µm pore size). The substrate was then rotated at 4000 rpm for 30 s in order to remove the excess sol and to facilitate the even coverage of the substrate. The coated samples were allowed to rest at ambient conditions for 10 min and were subsequently thermally cured by placement on a preheated hotplate at 100 • C for one hour in the presence of daylight.
The aforementioned procedure resulted in homogeneous, transparent, colorless and crack-free coatings with a thickness of approximately 3-4 µm [12, 16] .
Sample Characterization
Raman spectra were recorded on a Renishaw InVia Reflex confocal Raman microprobe (Gloucestershire, UK) with a Windows-based Raman Environment (version 3.1, Wire™, Gloucestershire, UK) software. A 785-nm diode laser with a nominal power of 300 mW was used as the excitation source, in combination with a grating of 1200 grooves/mm. The laser power was kept below 10% to avoid sample damage. A 50× (0.75 NA) Leica metallurgical objective was used in the excitation and collection paths. Spectra were typically acquired in 10 s with at least 3 accumulations at room temperature. Measurements were made in a Raman range extending from 200-3500 cm −1 . The resolution of the spectra was better than 2 cm −1 . Linear line 3D Raman analysis was performed in a region that was 40 µm wide and with a 5-µm step height.
Photothermal beam deflection (PBD) spectroscopy was employed to perform thermo-optical measurements to determine the ability of the material to exchange heat with the surroundings (defined by its thermal diffusivity (D s )), as well as its ability to conduct the heat (defined by its conductivity (k s )). These data were used to evaluate the coating porosity (P).
The source of the pump beam, that is the He−Ne laser (632 nm, 35 mW) (MELLES GRIOT, Model 25-LHP-928-230, Carlsbad, Canada), heats the sample perpendicularly to its surface. The pump beam is an electro-optic amplitude modulator (New Focus, Model 4102-M, Newport, Irvine, CA, USA) at the output of which there is a polarizer (LPVIS100, Thorlabs, Munich, Germany). The light energy is absorbed by the sample and converted into heat that spreads into the surrounding medium (air) inducing temperature gradients (TGs) near the sample surface. A probe beam from another He-Ne laser (530 nm, 2 mW) (Uniphase, Model 1103P, Milpitas, CA, USA) passes through the TGs, skimming the sample's surface, thus changing its intensity, as recorded using a quadrant photodetector (RBM-R. Braumann GmbH, Model C30846E, Langenbach Kr. Freising, Germany) and lock-in amplifier (Stanford research instruments, Model SR830 DSP, Sunnyvale, CA, USA) connected to a PC.
The material's thermal properties (D s , k s ) were evaluated by the use of a least-squares fitting procedure of the experimental data [39, 40] collected in the form of the amplitude and phase dependence on the modulation frequency (f ) of the pump beam. During the fitting, the thermal conductivity and diffusivity were given trial values to get the best fit [41, 42] . The fitting procedure was then repeated taking into account the materials' thermal properties by the relation describing their dependence on material porosity [15] , Equation (1):
where γ is the ratio of the thermal conductivity of the cavities and material, P is the material's porosity, k s , D s are the thermal conductivity and diffusivity of the porous material and k 0 , D 0 are the thermal conductivity and diffusivity of the material without cavities, respectively. The fitted parameters were k 0 , D 0 and P.
Corrosion Evaluation
Electrochemical DC measurements were performed in a three-electrode standard corrosion cell (K00047 Corrosion Cell, volume 1 L, Ametek, Berwyn, PA, USA) at 25 • C. A specimen embedded in a Teflon holder, leaving an area of 0.785 cm 2 exposed to the solution, served as a working electrode. A silver/silver chloride electrode (Ag/AgCl, 0.205 V vs. saturated hydrogen electrode) was employed as the reference electrode and carbon rods as a counter electrode. Electrochemical experiments were carried out with a potentiostat/galvanostat (Metrohm Autolab, PGSTAT 12, Utrecht, The Netherlands) and controlled by Nova 1.11 software. Potentials in the text refer to the Ag/AgCl scale.
The corrosion performance of sol-gel coatings was evaluated under immersion in 0.1 M NaCl, pH = 5.5. The solution was prepared using Milli-Q Direct water with a resistivity of 18.2 MΩ·cm at 25 • C (Millipore, Billerica, MA, USA).
Prior to measurements, the sample was allowed to stabilize under open circuit conditions for approximately 1 h, to reach stable, quasi-steady state open circuit potential (E oc ) at the end of the stabilization period. Following stabilization, the electrochemical measurements were carried out. First, the linear polarization measurements were performed in a potential range of ±10 mV vs. stable E oc , using a 0.1 mV/s potential scan rate. The values of polarization resistance (R p ) were deduced from the slope of fitted current density vs. potential lines using Nova software. Then, the potentiodynamic polarization measurements were performed using a 1 mV/s potential scan rate, starting from −250 mV to stable E oc and then increased in the anodic direction. For each sample, measurements were performed at least in triplicate, and the representative measurement was chosen to be presented in graphs. In the tables, the results are presented as the mean ± standard deviation. Corrosion potential (E corr ) and corrosion current density (j corr ) were obtained from an intercept between the cathodic and anodic curves.
The barrier (electric and dielectric) properties of the hybrid coating based on Si and Zr deposited on aluminum were investigated at the E oc using electrochemical impedance spectroscopy (EIS). EIS measurements were performed in a three-electrode cell (K0235 Flat Cell Kit, volume 250 mL Ametek, Berwyn, PA, USA) at 25 • C. A specimen embedded in a Teflon holder, leaving an area of 1.0 cm 2 exposed to the solution, served as a working electrode. A silver/silver chloride (Ag/AgCl, 0.205 V vs. saturated hydrogen electrode) was used as the reference electrode and platinum mesh as a counter electrode. Potentials in the text refer to the Ag/AgCl scale. Measurements were performed in the frequency range from 100 kHz-10 mHz at an AC voltage amplitude of ±10 mV (Metrohm Autolab, PGSTAT 12, Utrecht, The Netherlands). The experimental data were fitted using the complex non-linear least squares (CNLS) fit analysis software [43] , and values of the elements of the proposed electric equivalent circuit (EEC) were derived with χ 2 values less than 3 × 10 −3 (errors in parameter values of 1-5%) using ZView ® software (version 3.5c, Southern Pines, NC, USA).
Since the frequency dispersion is present, the capacitor in EEC was replaced with the constant phase element (CPE). The impedance of CPE is defined as Z(CPE) = [Q(jω) n ] −1 , where jω is the complex variable and n is the exponent of CPE, while Q is the frequency-independent parameter of the CPE, which represents a pure capacitance when n = 1 [44] [45] [46] .
Results
Composition and Structure of Hybrid Coatings
Raman spectroscopy is a powerful and versatile research technique for the analysis of the composition and structure of the TMZ sol-gel coatings, as well as monitoring their changes upon different Zr content and Ce-doping. Three main objectives of the Raman measurements were: (i) to compare the spectra for coatings with different amounts of ZTP (TMZ-1, TMZ-2, TMZ-3) and determine the influence of zirconium content on the coating composition; (ii) to determine the homogeneity of the TMZ-3 coating using line scanning and (iii) to compare the spectra for non-doped (TMZ-3) and doped (TMZ-3-Ce) coatings in order to determine the influence of cerium addition on the coating structure.
The Raman spectra recorded for TMZ-1, TMZ-2 and TMZ-3 coatings in the range from 200-1800 cm −1 are presented in Figure 1 . The spectra also contain strong Raman bands between 2850 cm −1 and 2980 cm −1 assigned to C−H stretching (not shown in Figure 1 ). The resolution of the spectra for TMZ-1 is lower compared to that for the TMZ-2 and TMZ-3 coatings, which is related to the difference in the coating structure, reflecting the difference in optical properties [12] and consequently also the quality of the Raman signal. Spectra for TMZ-2 and TMZ-3 are more similar, but there are differences between some characteristic bands indicating different coating structures. These bands correspond to symmetric silicon-oxygen stretching vibrations of silicate tetrahedral units, corresponding to SiO 4 , −SiO 3 , −SiO 2 and −SiO non-bridging oxygen atoms, which appear in the Raman spectrum of silicate at the~850,~900, 950-1000 and 1050-1100 cm −1 positions, respectively [47] . Therefore, changes in the ratio between bands at 978 and 1012 cm −1 are related to changes in the structure. The TMZ-3 coating presents a lower amount of non-bridging and a higher amount of bridging oxygen on the silicon atom compared to TMZ-2.
The bands between 950 cm −1 and 1100 cm −1 are assigned to the asymmetric stretching of Si−O−Zr groups [16, 17] . This confirms that during the condensation reaction, a siloxane structure is formed. The related band is located at 978 cm −1 and can be assigned to the vibrational mode involving Si−O−Zr linkages. The intensity of the band increases with the ZTP concentration in the coating.
Bands at 1718 cm −1 and 1705 cm −1 are due to stretching modes of C=O groups, which interact with C=C at 1641 cm −1 . Bands at 1456 cm −1 and 1370 cm −1 are due to symmetric and asymmetric bending modes of −CH 2 and −CH groups of organically-modified silicon in MAPTMS. Strong bands at 854 cm −1 and 376 cm −1 can be assigned to C−C−O and C−O−C stretching in MAPTMS. A broad band at~476 cm −1 and a sharp band at 606 cm −1 have been associated with breathing vibrations of oxygen atoms in four-and three-membered rings, respectively [48] .
The spectrum for the TMZ-3 coating has additional bands at 1378 cm −1 and 940 cm −1 (the band is overlapping with the band for Si−OH), which can be associated with higher zirconium content and the formation Zr−O−Zr and Si−O−Zr bonds. The band at 940 cm −1 is associated with the Si−OH stretching of non-condensed species present in the coating. These bands are present even after thermal curing, confirming that the polymerization was not completed under these conditions. The characteristic Raman bands for ZrO 2 are located around 470 cm −1 , 620 cm −1 and 650 cm −1 , but these bands are not observed in the obtained spectra. This rules out the formation of ZrO 2 , which was in the literature reported as the reason for more effective corrosion protection of Zr-based sol-gel coatings [14, 49] . As the Raman technique has a relatively high resolution, the possibility of ZrO 2 formation can be excluded.
Raman spectroscopy was also employed to check for the homogeneity of the TMZ coatings. As a representative, the spectra for the TMZ-3 coating are shown in Figure A1 . The spectra confirm a high homogeneity along the 40 µm-long analyzed line of the coating. All spectra have the characteristic bands described above at the same position with similar intensity.
Raman spectra for the TMZ-3 and TMZ-3-Ce coatings are shown in Figure 2 . The most important feature is the intensity decrease in the band at 940 cm −1 and the appearance of a new band at 956 cm −1 , confirming a higher condensation degree of TMZ-3-Ce. The ratio between bands at 978 and 1012 cm −1 is changed (the intensity of the band at 978 cm −1 is higher), confirming the incorporation of cerium into the coating structure. It seems that the non-condensed species were replaced by cerium ions, and consequently, more species with two oxygen bridges and silicon were formed.
Cerium dioxide has a fluorite structure. Typical Raman band around 460 cm −1 refers to an F 2g triply-degenerated vibrational mode. The F 2g mode can be related to the first-order Raman active mode of CeO 2 , which can be viewed as the expansion and contraction of the eight oxygen anions around each cerium cation in the crystalline structure [50, 51] . According to the literature, the cerium is in the coating present as Ce 3+ and Ce 4+ , because during the preparation (mixing and thermal curing) of TMZ sols, Ce 3+ can be oxidized to Ce 4+ . Both valences are present in the coating as the oxidation is not completed [27, 52] . Due to the presence of both oxidation states, the Raman peak is shifted to the lower wavenumbers, i.e., to 444 cm −1 , and is associated with vibrations in the structure considered as the symmetric stretching mode of oxygen atoms around cerium ions. Both oxidation states of cerium act as corrosion inhibitors [53] . The band for the Si−OH group at 940 cm −1 disappeared confirming the formation of a more condensed Si−O−Si structure. The spectra of the line scanning of the TMZ-3-Ce coating with 0.5 wt. % Ce(NO 3 ) 3 are shown in Figure A2 . Spectra confirm the homogeneity throughout the coating and indicate that cerium is homogenously integrated in the coating structure and forms the network with Si and Zr. 
Thermal Properties
The efficient barrier corrosion protection is often related to the high coating density and low porosity. To obtain this information, the porosity values deduced from thermal properties were evaluated for TMZ and TMZ-Ce coatings. The thermal conductivity, k s , and thermal diffusivity, D s , along with the deduced porosity, P, of the non-doped and Ce-doped TMZ coatings are given in Table 1 . Different amounts of zirconium in the siloxane network and the addition of cerium ions into Si/Zr sol are reflected in the different thermal properties. The differences in their thermal parameters are attributed to the difference in the structure and nano-organization of the Si/Zr structure. Zirconium is incorporated in the siloxane structure, which makes the material more compact. Consequently, thermal conductivity and diffusivity decrease with increasing amount of zirconium in the coating (from TMZ-1-TMZ-3) which causes an increase in the material's thermal resistance and is not compensated by the decrease in the coating porosity. Reduced D s and k s values imply lower porosity of the coating, which decreased from 0.85-0.49% from the TMZ-1-TMZ-3 coating (calculated from k s ).
The addition of cerium ions into the TMZ coating leads to an even more condensed network structure ( Figure 2 ) and, consequently, further affects the thermal parameters of the coatings. The D s and k s values are reduced showing the minimum porosity value for the TMZ-3-Ce coating (0.42%). This confirms that the addition of cerium ions contributes to a lower porosity and thus improves the barrier properties of the coating.
Electrochemical Characterization
DC Electrochemical Tests
The corrosion properties of uncoated Al and TMZ and TMZ-Ce coated Al were firstly evaluated in 0.1 M NaCl solution using linear polarization and potentiodynamic polarization techniques (Table 2 and Figure 3a,b) . Values of polarization resistance, R p , deduced at the E oc , differ substantially between uncoated and coated samples ( Table 2 ). With increasing content of Zr in the coating, the R p values increased almost two-fold. The addition of Ce to the TMZ coatings further increased the R p values, indicating improved resistance of aluminum to general corrosion. The highest R p value was obtained for the TMZ-3-Ce coating. The shape of the curves of the uncoated aluminum significantly differs from that of TMZ-coated aluminum indicating greatly improved corrosion protection achieved by the coatings (Figure 3a ). The corrosion current density values, j corr , are reduced by two orders of magnitude, and E corr values are shifted to the more positive potentials ( Table 2 ). The j corr decrease follows the increasing Zr content in the coating, indicating that the additional presence of Si−O−Zr groups (Figure 1 ) beneficially affects the corrosion properties.
The corrosion properties were further improved for the TMZ coatings doped with cerium ions. The TMZ-Ce coatings showed a j corr decrease down to values four orders of magnitude lower compared to uncoated aluminum and several times lower compared to TMZ coatings. From the results of the polarization measurements, it can be concluded that the addition of Ce ions to the TMZ coating acts beneficially on the coating's corrosion performance.
Long-Term Corrosion Tests
Since Si/Zr hybrid sol-gel coatings with the highest Zr content showed improved corrosion properties during preliminary DC electrochemical tests, further investigations were performed only on TMZ-3 coatings (non-doped and Ce-doped). Special attention was given to the study of the long-lasting anticorrosive protection properties of these coatings. Figure 4 depicts the dependence of E oc on the immersion time for the TMZ-3 and TMZ-3-Ce coatings. Upon immersion of the TMZ-3 coating, E oc was ca. −0.58 V and then shifted in a more positive direction reaching −0.42 V after approximately nine days. However, at longer immersion times, the values shifted to more negative values, due to the progressive degradation of TMZ coating. On the other hand, for the TMZ-3-Ce coating, E oc remained more positive and did not shift in the negative direction. This behavior may be the consequence of cerium ions in the coating, which increase the barrier effect, but may also contribute to the self-healing effect [54] , as will be discussed later. Barrier properties of TMZ-3 and TMZ-3-Ce coatings during immersion in the corrosive media were investigated using electrochemical impedance spectroscopy. EIS, as a useful and reliable in situ nondestructive method, enabled the determination of the charge and potential distribution at the metal |coating and coating|electrolyte interfaces.
The impedance spectra of TMZ-3 and TMZ-3-Ce coatings were recorded in 0.1 M NaCl solution and are presented in the form of Bode plots in Figures 5 and 6 , respectively. The measurements were performed at different immersion times at the E oc representing real application conditions of Al coated samples in an electrolyte solution. Both sol-gel prepared coatings, TMZ-3 and TMZ-3-Ce, show phase angle values close to −90 • , stretching over high frequency range, which indicate the highly capacitive character of the coatings. The impedance magnitude values, |Z|, reached a plateau at frequencies lower than 10 Hz associated with the contribution of the corrosion resistance of the coated metal substrate in contact with the aggressive environment (NaCl solution). Upon the immersion, the impedance magnitude values slightly decreased, and the phase angle values shifted to the higher frequencies. These changes point to the progressive development of corrosion processes in the investigated systems. However, the extent of the impedance plateaus remained unchanged, indicating that the degradation processes did not significantly affect the coatings' structure and, in turn, the corrosion rate of the underlying Al substrate. For example, the |Z| values of Al coated samples TMZ-3 and TMZ-3-Ce are in the range of a few MΩ cm 2 after an immersion time of seven days. This clearly confirms that the Si/Zr-based hybrid sol-gel coatings impart good corrosion resistance and represent an effective anticorrosion barrier for the underlying Al substrate. Moreover, the |Z| values persisted at these high values even after prolonged immersion up to 17 days.
The EIS results for the coated Al substrates, Figures 5 and 6 , are interpreted based on the two-layer coating model consisting of an inner layer composed of natural aluminum oxide and the outer Si/Zr-based hybrid coating prepared with or without the addition of Ce(NO 3 ) 3 salt (Figure 7) .
The impedance data for TMZ-3 and TMZ-3-Ce coatings were fitted using CNLS fit analysis software, as described in the Materials and Methods section. EEC with three time constants, which are clearly resolved in the Bode plots for all immersion times, was employed (Figure 7) , and the corresponding EEC parameter values are listed in Table 3 . The quality of the impedance fit was characterized with χ 2 values less than 3 × 10 −3 and errors in single EEC parameter values of 1-5%.
The R coat and Q coat parameters represent the coating resistance and the pseudo-capacitance of the film|electrolyte interface. The R oxide and Q oxide parameters ascribe the resistance and pseudo-capacitance of the intermediate oxide layer. The Q dl is the double layer interfacial capacitance and the R ct parameter is the charge-transfer resistance describing the Faradaic reaction at the metal|electrolyte solution interface occurring as a result of structure defects in the sol-gel coating upon immersion in NaCl solution. The sum of the R oxide and R ct parameters is equal to the polarization resistance, R p , which reflects the corrosion rate of the aluminum substrate according to the theory of the kinetics for corrosion processes at the metal|electrolyte solution interface [55] . The R p values of TMZ-3 and TMZ-3-Ce coatings are equal to 12 MΩ cm 2 and 33 MΩ cm 2 after the immersion time of 1 h, respectively (impedance spectra not shown). It should be stressed that the R p values, given in Table 2 , obtained from DC measurements (linear polarization method) are in good agreement with the R p values obtained from AC measurements (EIS data) after the immersion time of one hour. In the theory of corrosion kinetics, the value of the R p would be the most appropriate parameter for monitoring the protective properties of the coating as the corrosion rate of the underlying metal is under the charge transfer control and can be estimated from the Mansfeld-Oldham relation [56] .
As can be seen from the impedance parameters obtained (Table 3) , R coat values are changed depending on the Ce-doping of the TMZ-3 coatings. The observed R coat values decrease during prolonged immersion time (Figure 8a ), suggesting the formation of the pores (defects) in the Si/Zr-based hybrid layer. Actually, these pores facilitated Ce 3+ ions transfer/migration within the layer [28] . Nevertheless, the high n coat and low Q coat values point to the presence of the compact coating layer, which is additionally supported by the underlying intermediate oxide layer. Thus, although the R coat changed upon Ce-doping, the coating's barrier properties (R p ) were not significantly affected during the immersion of the sample in the aggressive environment. The beneficial effect of the Ce-doping is confirmed by the increase in R oxide values, which is more pronounced for the longer times of immersion. Subsequently, the R p parameter of the TMZ-3-Ce coating shows higher values in comparison to that of the TMZ-3 coating (Figure 8b ). This can be explained by the stimulation of the condensation processes of the matrix, i.e., the facilitated production of stable Si−O−Si and Si−O−Zr network structure with ZTP-MAA coordination and the intermediate oxide layer due to the presence of cerium as a network modifier. Hence, the addition of Ce 3+ ions increases the Al−O−Si/Zr bond density across the substrate|coating interface and enhances the compactness of the resulted intermediate layer [24, 33] . This is in accordance with the Raman spectroscopy and PBD spectroscopy results, confirming the formation of TMZ-Ce coatings with microstructural homogeneity, good internal cohesion and decreased porosity.
The impedance in the lowest frequency range was related to the corrosion process at the metal|electrolyte interface under a charge-transfer control described by R ct parameter values. The TMZ coating maintains high and nearly constant R ct values during an immersion time of seven days. However, the drop in the overall coating's resistance parameter, R p (Figure 8b) , suggests that the initiation of the pitting cannot be stopped due to the absence of a corrosion inhibitor in the coating. According to Table 3 , both parameters for the Ce-doped coating, R ct and Q dl , indicate the presence of deposits at the metal|electrolyte interface due the release of Ce 3+ ions from the hybrid coating structure upon immersion and the increase of ionic conductivity during deposit formation. Precipitation of cerium oxide/hydroxide occurs on the corrosion active sites of the Al substrate and induces the inhibiting effect, as was discussed before [28, 57, 58] . Hence, due to the corrosion processes occurring at the metal|electrolyte interface, the ionic conductivity rises, which is reflected in the decrease of the R ct values for the TMZ-3-Ce coating. In more detail, Ce 3+ ions present in the Si/Zr-based hybrid sol-gel coating can be released in the vicinity of the coating's defect. Due to the pH increase by the oxygen reduction reaction and OH − ion release, the precipitation of cerium oxide/hydroxide at the Al substrate takes place at cathodic sites [59] . Since these precipitates hinder the flux of electrons from the anodic areas to new developing cathodic places, the cathodic reactions are hindered, and consequently, the anodic activity vanishes [59] .
The inhibiting effect of Ce 3+ ions can be attributed to the cerium oxide/hydroxide blocking effect in the pinholes of the TMZ-3 coating, i.e., to the self-healing effect. This effect was observed in increased R p values obtained after four days of immersion (Figure 8b) . Additionally, this effect was also suggested by long-term measurements of E oc vs. time (Figure 4) .
The beneficial effect of Ce-doping is especially pronounced after longer immersion times. EIS spectra and impedance parameters of both TMZ-3 and TMZ-3-Ce coatings demonstrate a good protection level of the underlying aluminum substrate over several days of immersion testing in chloride-containing environments. The presence of an intermediate oxide layer combined with the Si−O−Si and Si−O−Zr structure within the coatings supports corrosion resistance in chloride-containing electrolyte (see R oxide values in Table 3 ). The protection level is dependent on the immersion time. Although the decrease of the |Z|, R oxide and R ct values was observed (Figures 5 and 6  and Table 3 ), the R p values maintained in the MΩ cm 2 range during seven days of NaCl exposure. The faster degradation of the non-doped hybrid coating occurs probably due to the hydrolysis of the polysiloxane network and the formation of Si(OH) 4 [60] . On the other hand, Ce-doped coatings exhibit higher Al−O−Si/Zr bond density across the coating, which imparts a longer durability in chloride solution, even up to 17 days (Figures 6 and 8 ).
Conclusions
•
Hybrid Si/Zr sol-gel coatings with three different contents of Zr (0.06, 0.12 and 0.48 mol) without and with the addition of Ce 3+ ions (0.5 wt. % Ce(NO 3 ) 3 ) were synthesized for the protection of aluminum against corrosion in 0.1 M NaCl. These sol-gel coatings were denoted TMZ-1, TMZ-2, TMZ-3, TMZ-1-Ce, TMZ-2-Ce and TMZ-3-Ce, respectively.
According to the results of Raman spectroscopy, photothermal beam deflection spectroscopy and electrochemical techniques, TMZ-3 and Ce-doped TMZ-3-Ce coatings, containing the highest Zr content, exhibit structural homogeneity and decreased porosity. Hence, excellent protecting properties and corrosion resistance were imparted to the underlying aluminum substrate. Corrosion current density, j corr , decreased for two orders of magnitude in comparison to the uncoated Al substrate (see Table 2 ).
The beneficial effect of the Ce-doping on the coating's protection properties was more pronounced upon long-lasting immersion of coated aluminum samples in 0.1 M NaCl. The excellent barrier properties and long-lasting anticorrosive protection properties of Ce-doped coatings were related to the combined effect of a more condensed Si−O−Zr network structure and the passivating/inhibiting effect of Ce 3+ ions. The synergism between Zr and Ce ions integrated in the coating structure results in a simultaneous dual action of Ce ions: in the coating's self-healing process as inhibiting agents and in producing an effective anticorrosive barrier to the underlying Al substrate. Talents 
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